Alumina contamination through polishing and its effect on hydrogen evolution on gold electrodes by Cecilio de Oliveira Monteiro, M. & Koper, M.T.M.
lable at ScienceDirect
Electrochimica Acta 325 (2019) 134915Contents lists avaiElectrochimica Acta
journal homepage: www.elsevier .com/locate/electactaAlumina contamination through polishing and its effect on hydrogen
evolution on gold electrodes
Mariana C.O. Monteiro, Marc T.M. Koper*
Leiden Institute of Chemistry, Leiden University, P.O. Box 9502, 2300 RA, Leiden, the Netherlandsa r t i c l e i n f o
Article history:
Received 28 July 2019
Received in revised form
16 September 2019
Accepted 17 September 2019





Hydrogen evolution* Corresponding author.
E-mail address: m.koper@lic.leidenuniv.nl (M.T.M.
https://doi.org/10.1016/j.electacta.2019.134915
0013-4686/© 2019 The Authors. Published by Elseviea b s t r a c t
In this work we show how the contamination of gold electrodes with alumina particles by electrode
polishing leads to an enhancement in activity for hydrogen evolution (HER). Polishing is one of the most
used electrode treatments, however, we show that particles from the polishing media cannot be easily
removed from the electrode surface by standard cleaning procedures. Comparing the HER activity of gold
disc electrodes polished with either diamond suspension or alumina paste, we show that the latter leads
to higher current densities, specifically for the water reduction to hydrogen. A similar enhancement in
HER activity was observed by the addition of Al3þ cations to the electrolyte, demonstrating that the
particles are not catalytically active, but that the Al3þ species released in solution due to corrosion
promote the water reduction reaction. Due to an increase in the local OH concentration during HER, the
contaminating Al3þ cations precipitate and may deposit at the electrode surface as Al(OH)3. In the
presence of a high enough Al3þ concentration, layered Al(OH)3 plates cover the whole electrode surface.
The plates are composed of Al(OH)3 sheets intercalated by sulphate anions. Surprisingly, the Al(OH)3
sheets do not affect the gold blank voltammetry, and therefore remain undetected by simple electro-
chemical characterization methods.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Gold electrocatalysts are widely studied for several oxidation [1]
and reduction reactions [2e9], among which CO2 reduction and the
competing hydrogen evolution have gained a lot of attention
recently [10e12]. Understanding these reactions at the atomistic
level is key to the design and optimization of larger-scale processes.
In fundamental electrocatalysis studies, electrodes are usually pre-
treated, in order to obtain a clean, homogeneous and reproducible
surface. The most common pre-treatments used for gold electrodes
are: mechanical polishing, chemical etching, electropolishing,
annealing, or a combination thereof [13e15]. However, the influ-
ence of different pre-treatments on the stability, structure,
composition, and catalytic activity of gold electrodes is not well
documented. Actually, most studies overlook the possibility of such
an influence and do not report a detailed characterization of the
pre-treated electrodes.
Flame annealing is the most reliable method to prepareKoper).
r Ltd. This is an open access articleelectrodes and leads to a clean and (re)ordered surface. It allows, for
example, the preparation of single crystals without the need of UHV
techniques [16]. Polycrystalline electrodes, on the other hand, are
usually cut from metal foils and require mechanical polishing to
prepare a smooth, clean and reproducible surface [17]. The quality
of the polishing procedure also directly influences the quality of the
surface after subsequent flame annealing. In addition, not all kind
of electrodes can be flame annealed, such as rotating disc elec-
trodes (when embedded in Teflon holders) or microelectrodes.
Metals such as copper cannot be flame annealed in air without
avoiding surface oxidation [18].
Even though electrode polishing is a well-known procedure, it
has been reported that even when following standard polishing/
cleaning procedures, particle residues from the polishingmedia can
remain on the electrode surface even after rinsing extensively with
water or after subjecting to ultra-sonication [19e22]. Polishing
pastes and suspensions contain alumina, diamond, silicon carbide
or boron carbide powders, depending on the application. The
extent of the contamination and how it affects electrochemical and
especially electrocatalytic processes is expected to vary depending
on the polishing media used.
There are only a few indications in the literature that polishingunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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trace metal contaminants on hydrogen evolution on gold have been
previously reported [23,24]. Jacobse et al. demonstrated that plat-
inum ultra-micro electrodes (UME) polished with alumina have
lower catalytic activity than flame annealed UMEs [25]. The effect is
attributed to contamination of the UMEs either due to the prepa-
ration method or impurities in the chemicals used. On the other
hand, Volpe et al. showed that the mechanical polishing of PtBi
catalysts with alumina, instead of diamond, leads to larger activity
towards formic acid oxidation [26]. Clark et al. also pointed out that
alumina residues could be problematic when studying CO2 reduc-
tion on copper, as metallic aluminium is an active catalyst for the
competing hydrogen evolution reaction (HER) [27]. However, no
further investigations were carried out in this regard. Studies
regarding the effect of gold surface pre-treatments have mainly
been carried out in the field of biomaterials. It has been demon-
strated that the surface preparation method strongly influences the
self-assembly of organic molecules due to changes in the surface
roughness and cleanliness [28e31]. However, the implications of
these treatments on the gold catalytic activity has not been thor-
oughly investigated.
Here, we study the effect of the polishing media on the elec-
trocatalytic activity of gold electrodes towards HER. We have cho-
sen this model system, due to its relevance as a competing reaction
in different electrocatalytic processes that take place (in aqueous
media) at potentials below 0 V vs. RHE. Surprisingly, the presence of
alumina particles leads to a significant increase in the gold catalytic
activity for HER, even though the presence of alumina remains
undetected by standard blank cyclic voltammetry. To investigate
this enhancement in reactivity, the electrode structure and
composition is studied by using a combination of blank voltam-
metry, Scanning Electron Microscopy (SEM), and Energy Dispersive
X-Ray Spectrometry (EDX) both before and after the electro-
catalytic experiments. The results demonstrate that the enhance-
ment is due to the corrosion products from the alumina polishing
particles that are released into the electrolyte.
2. Experimental
Gold disc electrodes of 5mm in diameter were cut from a
polycrystalline gold foil (0.5mm thick, MaTecK, 99.995%) and pre-
pared by first grinding with a silicon carbide paper (grit size 600,
MaTecK) to level and clean the sample, so that a mirror-like surface
can be obtained by polishing for the shortest possible time. Sub-
sequently, the electrodes were polished on a microcloth (Buehler)
with either diamond suspension (MetaDi 3, 1, 0.25 and 0.05 mm,
Buehler) or alumina (3, 1, 0.3 and 0.05 mm, Buehler) for 1min with
each size. In between polishing steps, the electrodes were cleaned
in an ultrasonic bath (Bandelin SONOREX RK 52H) in ultrapure
(>18.2MU cm, Millipore Milli-Q) water for 3min. After the last
step, the electrodes were sonicated in ethanol for 3min and sub-
sequently in ultrapure water for 10min. Different commonly re-
ported gold pre-treatments were also performed: chemical etching
in 0.1MH2SO4 (Merck, Suprapur, 96%) by applying a potential of
10 V vs. a graphite counter electrode for 20 s and removing the gold
oxide layer formed by dipping the electrode in 6M HCl (Merck,
EMSURE® ACS, 37%); electrochemical roughening by cycling the
electrode 200 times between 0 and 1.75 V vs. RHE (0.1MH2SO4,
1 V s1); flame annealing the electrode until it glows and then three
subsequent times for 5 s using a butane torch held about 1 cm away
from the surface. In this study, polishing and (subsequent) flame
annealing were performed before each experiment. A detailed
discussion regarding the preparation methods can be found in the
Supporting Information (SI) in Appendix A.
All glassware was stored in potassium permanganate solution(1 g L1 KMnO4 dissolved in 0.5MH2SO4) and cleaned prior to each
experiment by immersion in dilute piranha in order to remove
residues of manganese oxide and permanganate anions. After, the
glassware was further cleaned by boiling at least five times in ul-
trapure water. The electrochemical experiments were performed in
a one-compartment cell (Duran, 25ml) with the gold working
electrode in the hanging meniscus configuration. Measurements
were carried out using a Bio-Logic potentiostat/galvanostat/EIS (SP-
300). A gold wire (0.8mm thick, Mateck, 99.9%) was used as
counter electrode and a reversible hydrogen electrode (RHE) as
reference. The gold electrodes were characterized before each
experiment by recording a cyclic voltammogram between 0 and
1.75 V vs. RHE (0.1MH2SO4, 0.05 V s1). The gold electrochemical
surface area (ECSA) was determined by calculating the charge
corresponding to the gold oxide reduction. The obtained value was
normalized to the charge density associated with the reduction of a
monolayer of gold oxide (386 mC cm2) [32]. Hydrogen evolution
reaction was carried out in 0.1M Li2SO4 (Alfa Aesar, anhydrous,
99.99% (metal basis)), unless stated otherwise. Lithium is the
alkaline earth cation that promotes HER the least and thereforewas
chosen for these studies [33]. The solutionwas brought to pH¼ 3 by
the addition of adequate amounts of H2SO4. This bulk pH allows
proton and water reduction to be investigated simultaneously in a
single cyclic voltammetry experiment. No buffer was used in order
to reduce the system complexity. The electrolyte was always
purged from oxygen by bubbling argon (Linde, 6.0 purity) for 5min
prior to the experiments. During the experiments, an argon flow
was kept above the electrolyte, in order to avoid oxygen diffusion
into the solution. Appropriate amounts of a 0.01M Al2(SO4)3 (Acros
Organics, 99.999%, trace metal basis) solution were added to the
electrolyte in order to perform experiments in the presence of
different concentrations of Al3þ. The dissolution kinetics of
Al2(SO4)3(s) is very slow, therefore the solution was stirred for
48 h at 60 C until the salt fully dissolved. The 0.01M Al2(SO4)3
solution pH is 2.7 (due to the cation acidity) and adding it to the
background electrolyte (0.1M Li2SO4) did not lead to changes in the
pH. Before each HER experiment, the solution resistance was
determined by Electrochemical Impedance Spectroscopy (EIS) and
the electrode potential was compensated for 85% of the ohmic
drop. All the voltammograms in this work show the first cycle
recorded, unless stated otherwise.
The gold electrode topography and composition were charac-
terized by Scanning Electron Microscopy (SEM) in an Apreo SEM
(ThermoFisher Scientific). Micrographs were obtained using an
acceleration voltage of 10 kV and an electron beam current of
0.4 nA. Energy Dispersive X-Ray Spectrometry (EDX) was used for
elemental analysis (Oxford Instruments X-MaxN 150 Silicon Drift
detector). EDX data processing was done with the Pathfinder™ X-
ray Microanalysis software v1.3. The data is displayed in atomic
percentage for easier visualization, however the quantification was
performed in automatic mode (without providing external
standards).
3. Results and discussion
Polycrystalline gold electrodes polished with either alumina or
diamond paste were subsequently cleaned by ultra-sonication and
flame annealing before being characterized by cyclic voltammetry
(CV). Recording CVs from 0 to 1.75 V vs. RHE is a standard way to
characterize polycrystalline gold electrodes [34]. It provides infor-
mation about the electrochemical active surface area (ECSA)
through the charge associated with the gold reduction peak. Gold is
considered an ideal electrode for fundamental studies, due to its
extensive double layer region (from 0 to 1.3 vs V vs. RHE in acid) and
weak chemisorption of species in comparison to Pt, for example
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(alumina or diamond), the gold displays a similar broad oxidation
peak, starting at 1.35 V vs. RHE. During the backward scan, one
sharp reduction peak is observed at 1.18 V vs. RHE, related to the
reduction of the formed gold oxide layer. The double layer region,
between 0.1 and 1.3 V vs. RHE, does not change significantly with
the polishing media. Minor differences in ECSA can be observed,
although repeated experiments show that these are not related to
the polishing media, but to using different electrodes.
Even though the CVs of the gold electrodes polished with dia-
mond or alumina look similar, observation of the electrodes under a
Scanning Electron Microscope (SEM) shows that a considerable
number of particles remains at the surface even after carrying out
the standard cleaning procedures described in the Experimental
section. As can be seen in the SEM images from Fig. 2-b, samples
polished with alumina get contaminated with particles of various
sizes (from 100 nm to 3 mm). Additional SEM images at different
magnifications can be found in Figs. S1 and S2 in the Supporting
Information (SI) and show that the alumina particles are evenly
distributed over the whole surface. In the case of diamond (Fig. 2-
a), mainly large and randomly spaced particles can be found, in
much smaller amounts compared to alumina. The line structure
observed in Fig. 2-a on the flat region is believed to be soot, formed
during flame annealing. The elemental composition of the particles
was investigated by EDX. Line scans through the particles found in
the alumina polished sample show that the gold signal intensity
decreases when the beam approaches the particles while the
aluminium and oxygen signals increase (Fig. 2-b). This shows that
the particles come from the polishing media and are ascribed to
Al2O3. The Al/O ratio does not agree with the stoichiometry,
because of the different interaction depths for different elements
(resolution of the technique) and the standardless quantification
method used [36]. For a given beam energy, the interaction volume
will decrease with increasing atomic number. EDX line scans per-
formed on the diamond polished electrode show that through the
particles, the carbon signal increases as the gold signal decreases,
whereas no signal for oxygen is observed (Fig. 2-a). Again, it is
confirmed that the particles come from the diamond suspension. It
is important to point out that trace amounts of carbon are found inFig. 1. Comparison of the cyclic voltammetry of polycrystalline gold electrodes pol-
ished with either alumina or diamond suspension in 0.1MH2SO4 taken at a scan rate of
50mV s1. The inset shows part of the gold double layer region. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
Fig. 2. SEM micrographs and EDX line spectra of gold electrodes after polishing with a)
diamond and b) alumina. The lines refer to the following signals: (black) C K,
(green) O K, (purple) Al K and (red) Au M. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)all the samples, due to beam-induced hydrocarbon contamination
(both from the instrument and from the sample) [37]. The amount
of carbon found will depend, for example, on the period of time the
beam interacts with the surface and the acceleration voltage. The
carbon contamination cannot be detected by cyclic voltammetry
characterization.
According to suppliers of polishing media, gold should be pol-
ished with diamond suspensions down to 1 mm and the last pol-
ishing step should be carried out with alumina paste (0.05 mm) [38].
However, they also mention that soft metals like gold are highly
prone to diamond embedding. In most work found in literature
(including the ones cited in this paper), alumina is the polishing
medium of choice for gold electrodes. This is due to the fact that it is
easier to obtain a scratch free, mirror-like finish polishing with
alumina than with diamond. It is also important to point out that
the surface preparation not only influences the surface morphology
but also the reproducibility of electrochemical experiments and the
surface cleanliness. In the present work we have only polished and
flame annealed the gold electrode, in order to avoid contamination
and to have the best reproducibility. A brief explanation on how
M.C.O. Monteiro, M.T.M. Koper / Electrochimica Acta 325 (2019) 1349154other treatments, such as chemical etching and electropolishing,
affect the surface as well as SEM micrographs can be found in
Fig. S3 in the SI, along with a more detailed reasoning of the elec-
trode preparation method chosen for this work.
Considering the large amount of polishing particles that remain
on the electrode surface even after the standard cleaning proced-
ures, it is surprising that their blank voltammetry is practically
identical (see Fig. 1). To probe if the particles can influence elec-
trochemical reactions, we have performed HER experiments. Fig. 3
shows the curves obtained for HER on gold electrodes polished
with either diamond or alumina in the pH¼ 3 Li2SO4 electrolyte.
Surprisingly, a significant increase in current density is observed for
the alumina polished sample, especially at potentials below 0.8 V
vs. RHE. The voltammogram clearly has two different regions. The
first cathodic peak observed between 0 and -0.7 V vs. RHE, is
attributed to the reduction of protons (2Hþ þ 2e/ H2) [39]. A
peak in the current is observed because the reaction rate is limited
by diffusion of protons towards the surface. As the diffusion layer
thickness increases and the local pH becomes more alkaline, a
proton concentration gradient is built up. The peak current de-
pends on the proton concentration in the electrolyte. In the second
region, between 0.8 and 1 V vs. RHE, the reduction of water
takes place (2H2O þ 2e/ H2 þ 2OH). In this case, the reaction is
kinetically controlled. Based on the curves shown in Fig. 3, the
reduction of H2O is more affected by the alumina contamination
than the reduction of protons. The latter is also confirmed by
calculating the Tafel slopes (see Fig. S4 in the SI). For proton
reduction 101 and 100 mV/dec were found for the alumina and
diamond polished samples, respectively. For water reduction, a
lower Tafel slope (47 mV/dec) was found for the alumina polished
sample in comparison to the diamond polished sample (58 mV/
dec). The topography and composition of the electrodes was also
observed in the SEM directly after the HER experiments. SEM mi-
crographs and EDX spectra can be found in Fig. S5 in the SI. These
data show the same situation as shown in Fig. 2, i.e. the electro-
catalytic experiments have no significant influence on the density,
size, and composition of the contaminating polishing particles. In
addition, the sulphur signal was also monitored in the EDX line
scans after HER, as the reaction was carried out in a sulphate con-
taining electrolyte. However, no significant S signal could beFig. 3. Cyclic voltammogram of hydrogen evolution on gold electrodes polished with
alumina or diamond. CVs were recorded in 0.1M Li2SO4 (argon saturated, pH¼ 3) and
taken at a scan rate of 50mV s1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)determined.
In order to elucidate why the HER activity increases in the
presence of alumina particles, it is necessary to understand how
stable these particles are in solution at different pH. According to
the Pourbaix diagram of aluminium [40], at pH values below 4 and
potentials between 1.69 and 1.9 V vs. RHE, alumina (Al2O3) un-
dergoes corrosion leading to the release of Al3þ ions in solution
through the following reaction: Al2O3$H2Oþ 6Hþ4 2Al3þ þ 4H2O.
It has been shown that alkaline earth cations can strongly influence
hydrogen evolution, although the mechanism behind it is not yet
understood [33]. In the case of multivalent cations, no systematic
study has been performed regarding HER on gold. To observe if Al3þ
has an effect on HER, different amounts of Al2(SO4)3 were added to
the background electrolyte (0.1M Li2SO4). The gold electrode was
polished with diamond, flame annealed and characterized before
each addition experiment. The characterization CVs before HER can
be found in Fig. S6 in the SI, where it can be seen that a very
reproducible surface was obtained by flame annealing prior to each
run. Fig. 4 shows the HER current densities obtained in the pres-
ence of different concentrations of Al2(SO4)3 in the electrolyte. An
increase in the water reduction current is observed, which strongly
indicates that the aluminium ions released in solution (due to
corrosion of the alumina particles) are responsible for the
enhancement in the HER activity on gold. In addition, it can also be
seen in Fig. 4 that high concentrations of aluminium cations (above
250 mMAl3þ) lead to a second reduction peak at0.6 V vs. RHE. It is
important to point out that the observed current cannot be due to
aluminium plating on the gold electrode. The charge associated
with the deposition of a full monolayer of aluminium on the elec-
trode would be much lower than obtained, in the order of
600 mC cm2. In addition, the potential window used is above the
equilibrium reduction potential of Al3þ at pH¼ 3 (1.6934 V).
Based on the CVs displayed in Fig. 4, we estimate that the corrosion
of the alumina particles during the experiment from Fig. 3 leads to
an Al3þ concentration of less than 50 mM (near the electrode sur-
face). The Tafel slopes were calculated similarly to shown in Fig. S4.
At high overpotentials, where water reduction is taking place, the
Tafel slope changes from 65 mV/dec for HER in pure Li2SO4 to 29
mV/dec for HER in the presence of micro molar concentrations ofFig. 4. Cyclic voltammogram of hydrogen evolution on gold electrodes polished with
diamond. CVs were recorded in 0.1M Li2SO4 (argon saturated) at a scan rate of
50mV s1. For each curve, different amounts of 0.01M Al2(SO4)3 were added to the
electrolyte. Each experiment was done with a fresh electrolyte mixture with a freshly
prepared electrode. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
Fig. 6. Cyclic voltammogram of hydrogen evolution on gold polished with diamond
paste taken at a scan rate of 50mV s1 in 0.01M Al2(SO4)3 (argon saturated, pH¼ 2.7).
The CVs from Fig. 3 are added for comparison. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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HER. The underlying mechanism for this effect is under investiga-
tion in a separate project.
The gold sample was also characterized after the last HER
experiment was performed (with the addition of 500 mM
Al2(SO4)3). The cyclic voltammograms can be found in Figs. S7ea in
the SI, showing no apparent changes in the gold blank voltamme-
try. However, by subsequently analysing the electrode with SEM
and EDX (Fig. 5), flakes were found on the surface. Through EDX, it
can be seen that these flakes are composed of aluminium and ox-
ygen. A SEMmicrograph taken at lower magnification can be found
in the SI (Figs. S7eb) and shows how homogeneously distributed
the deposits are. Considering the speciation diagram of aluminium
(see Figs. S8ea in the SI), at pH above 5 and at high enough Al3þ
concentration, Al3þ precipitates as Al(OH)3. Even though the bulk
pH of our experiments is acidic (3), during HER, the pH at the
electrode surface will be more alkaline. This creates the required
environment for Al(OH)3 precipitation. The fact that Al3þ can de-
posit on the surface as hydroxide at increased local pH also means
that if an electrode is contaminated with alumina particles and
used for experiments during a whole day, the surface composition
will not be reproducible throughout all the measurements. As
previously shown, these differences will not be apparent in the
blank cyclic voltammetry.
To further confirm that Al3þ deposits at the electrode surface as
aluminium hydroxide during HER, the reactionwas also performed
on a gold electrode polished with diamond in 0.01M pure
Al2(SO4)3. The electrolyte concentration here is lower than in the
previous experiments, due to the slow dissolution kinetics of the
aluminium salt. Fig. 6 shows the CVs for HER in pure Al2(SO4)3 in
red, together with the curves from Fig. 3 for comparison. Larger
current densities are obtained in the pure Al3þ containing elec-
trolyte, in comparison with HER performed in pure Li2SO4. These
results are in agreement with Fig. 4, where the addition of smallFig. 5. SEM micrographs and EDX line spectra of gold electrodes after hydrogen evo-
lution in 0.1M Li2SO4 (argon saturated) with the addition of 500 mM Al2(SO4)3. The
lines refer to the following signals: (black) C K, (green) O K, (purple) Al K,
(red) Au M and (yellow) S K. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)amounts of Al3þ to the background electrolyte lead to a 3-fold in-
crease in the HER current density.
After the HER experiment, SEM and EDX were performed in
order to characterize the electrode topography and composition. As
shown in Fig. 7-a, after HER in pure Al2(SO4)3, the electrode was
fully covered with an aluminium hydroxide layer. Plates, in averageFig. 7. SEM micrographs and EDX line spectra of the gold electrode after hydrogen
evolution in 0.01M Al2(SO4)3. The lines refer to the following signals: (black) C K,
(green) O K, (purple) Al K, (red) Au M and (yellow) S K. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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between them ranging from 1 to 3 mm. According to EDX, they are
composed of Al, O, and S, but a low signal for gold is still obtained.
As previouslymentioned, the latter is due to the depth resolution of
the technique compared to the hydroxide layer thickness. The re-
gion in between the plates is composed of Al, O and again Au,
however no sulphur was detected (see Figs. S9ed in the SI). The
presence of sulphur in the plates as well as their morphology leads
to the conclusion that they are layered aluminium hydroxide
sheets. The planar sheets are composed by alumina octahedrons,
where each aluminium ion shares 3 pairs of OH with 3 other Al3þ.
They are intercalated, in this case, with sulphate ions. See the top
and side view of the Al(OH)3 sheets molecular structure in the SI
(Figs. S8eb). Our findings are also supported by comparison with
the work of Guo et al. [41] where zinc and aluminium double
layered hydroxides were synthesized and the aluminium layer has
similar morphology as we obtained (Fig. 7-a). The gold electrode
was also characterized by cyclic voltammetry before and after the
hydroxide layer was present on the surface. Surprisingly, the gold
CVs nearly overlap (see Fig. S10 in the SI), which not only indicates
that the hydroxide plates do not affect the apparent electrochem-
ically active surface area, but are highly porous, so that species in
the electrolyte can easily reach the gold surface.
Considering that the voltammetry of the gold was unaltered in
the presence of the aluminium hydroxide layer, the activity of this
Au-Al(OH)3 modified electrode was also tested for HER. Results can
be seen in the SI (Fig. S11) and show that the HER current for both
proton and water reduction obtained during the first cycle is
equivalent to that obtained when the electrode is contaminated
with alumina particles. During subsequent cycles, two proton
reduction peaks are observed and the current due to water
reduction increases, indicating that the concentration of Al3þ in the
vicinity of the electrode surface is also increasing. Again, after these
HER experiments, the CV of the gold electrode remains unaltered
(see Fig. S10 in the SI).
Contaminating alumina particles can of course be removed, by
also removing layers of gold. However, for full removal, many
electrochemical etching cycles are required. In Fig. S12 in the SI we
show that after 2 etching cycles of 1min in 0.1MH2SO4 (normally 1
etching cycle is performed, for 20 s), increased activity for HER is
still found. A more detailed discussion on the advantages and dis-
advantages of prolonged etching is available in the SI. Other surface
cleaning methods can also be effective for the removal of the pol-
ishing contaminants as, for example, sputtering. However, this
technique requires ultra-high vacuum (UHV) experiments, which
significantly complicates the experimental setup. Thus, mechanical
polishing is still the most common surface preparation method in
electrochemical studies. Based on the data shown in this work, we
believe that a diamond suspension is a safer polishing medium
(even though it might lead to a worse surface finish) than alumina,
in order to completely avoid affecting the catalytic activity of
electrodes. However, if alumina is employed and only the standard
cleaning procedures are performed (mild etching and flame
annealing), it is important to be aware that alumina particles on
electrode surface corrode in acidic media and release Al3þ in the
electrolyte. The latter is of extreme importance as cations have
shown to influence not only hydrogen evolution but also reactions
like CO2 [42] and CO reduction [43], oxygen evolution [44], oxygen
reduction, methanol oxidation, among others [45,46]. It is also
important to highlight that the presence of surface contaminants
cannot be clearly seen by electrochemical characterization of the
electrode. Therefore, it is advisable to always use complementary
techniques like SEM and EDX to evaluate the surface morphology
and composition, no matter which surface pre-treatment was
employed.4. Conclusions
Even though polishing is a common electrode preparation
method, it may have profound effects on the electrochemical and
electrocatalytic reactivity of the electrode. In the present work, we
have polished gold samples with either diamond or alumina and
evaluated how the polishing medium influences the catalytic ac-
tivity for hydrogen evolution in mildly acidic electrolyte solutions.
Results show that polishing with alumina, despite subsequent
electrode cleaning, leads to contamination of the surfacewith Al2O3
particles. Polishing with diamond also leads to contamination, but
with significantly fewer particles remaining on the surface. The
gold electrodes polished with alumina show higher activity for the
water reduction reaction than the ones polishedwith diamond, due
to corrosion of the alumina particles and release of Al3þ cations in
the electrolyte. The former was confirmed by an increase in HER
currents for an electrode polished with diamond, when adding
micro molars of Al3þ to the background electrolyte. The cations
influence water reduction much stronger than proton reduction.
Furthermore, we show that by observing the aluminium speciation
diagram, it is possible to predict at which pH and applied potentials
alumina particles will undergo corrosion or not. We also found that
due to an increase in the local pH during HER, even small amounts
of Al3þ cations deposit on the gold surface as Al(OH)3. At high
concentrations (pure Al3þ containing electrolyte) layered hydrox-
ides are formed, intercalated with sulphate anions. The alumina
contamination can be remediated by the removal of gold layers,
which can be achieved by chemical etching, for example. However,
several etching cycles are necessary for complete removal and can
significantly increase the surface roughness. We hope that our
work raises awareness of the potential effects of surface prepara-
tion and contamination. This becomes crucial, for example, when
studying electrolyte effects on electrochemical reactions. Cations
do not only have an effect on hydrogen evolution, but also on many
other electrochemical reactions. Therefore, when working in acidic
and neutral media, we recommend to polish electrodes with dia-
mond suspensions or other stable polishing media.
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